Proteins are inherently plastic molecules, whose function often critically depends on excursions between different molecular conformations (conformers) [1] [2] [3] . However, a rigorous understanding of the relation between a protein's structure, dynamics and function remains elusive. This is because many of the conformers on its energy landscape are only transiently formed and marginally populated (less than a few per cent of the total number of molecules), so that they cannot be individually characterized by most biophysical tools. Here we study a lysozyme mutant from phage T4 that binds hydrophobic molecules 4 and populates an excited state transiently (about 1 ms) to about 3% at 25 6C (ref. 5). We show that such binding occurs only via the ground state, and present the atomic-level model of the 'invisible', excited state obtained using a combined strategy of relaxation-dispersion NMR (ref. 6) and CSRosetta 7 model building that rationalizes this observation. The model was tested using structure-based design calculations identifying point mutants predicted to stabilize the excited state relative to the ground state. In this way a pair of mutations were introduced, inverting the relative populations of the ground and excited states and altering function. Our results suggest a mechanism for the evolution of a protein's function by changing the delicate balance between the states on its energy landscape. More generally, they show that our approach can generate and validate models of excited protein states.
Proteins are inherently plastic molecules, whose function often critically depends on excursions between different molecular conformations (conformers) [1] [2] [3] . However, a rigorous understanding of the relation between a protein's structure, dynamics and function remains elusive. This is because many of the conformers on its energy landscape are only transiently formed and marginally populated (less than a few per cent of the total number of molecules), so that they cannot be individually characterized by most biophysical tools. Here we study a lysozyme mutant from phage T4 that binds hydrophobic molecules 4 and populates an excited state transiently (about 1 ms) to about 3% at 25 6C (ref. 5) . We show that such binding occurs only via the ground state, and present the atomic-level model of the 'invisible', excited state obtained using a combined strategy of relaxation-dispersion NMR (ref. 6 ) and CSRosetta 7 model building that rationalizes this observation. The model was tested using structure-based design calculations identifying point mutants predicted to stabilize the excited state relative to the ground state. In this way a pair of mutations were introduced, inverting the relative populations of the ground and excited states and altering function. Our results suggest a mechanism for the evolution of a protein's function by changing the delicate balance between the states on its energy landscape. More generally, they show that our approach can generate and validate models of excited protein states.
A detailed characterization of the conformers along a protein's energy landscape is important for understanding the structurefunction relationship and also because such an analysis provides insight into fundamental aspects of protein structure and dynamics. In this vein, numerous detailed studies of mutant lysozymes and lysozyme complexes from phage T4 have greatly increased our understanding of the inter-relation between structure, stability, folding and motion in proteins 8 . Among the approximately 700 mutant lysozymes and lysozyme complexes that have been characterized is a family where each member contains an engineered cavity in its hydrophobic core, generated by replacing larger amino acids with alanine (ref. 9 ). The point mutant causing the most pronounced stability change involved the replacement of a leucine at position 99 (referred to in what follows as L99A T4L), creating a cavity of ,150 Å 3 in the carboxy terminus of the enzyme that is able to bind hydrophobic ligands 4 . Interestingly, X-ray studies showed that the L99A mutant undergoes the least rearrangement at the site of mutation, with the structure essentially unchanged 9 . Despite the fact that the wild-type and L99A T4L structures are virtually identical in the crystalline state, solution NMR studies of the L99A mutant indicated that many of the peaks were significantly broadened relative to the corresponding resonances in data sets recorded of the wild-type protein 5 . Spectral broadening is indicative of dynamics on the microsecond-millisecond timescale 6 , and in this case provides a clear indication that cavity creation introduces one or more dynamic processes that are not observed in the wild-type enzyme. Such dynamics can be studied by NMR transverse spin-relaxation experiments, in which the relaxation rates of probe nuclei are measured as a function of the strength of applied radio-frequency fields 6, 10 . These experiments provide a powerful approach to quantify structural transitions in proteins because they are sensitive to microsecond-millisecond exchange processes in which a highly populated ground state (G) interconverts with conformers that can have much lower populations (.0.5%), referred to in what follows as excited states (E). Initial
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N Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion NMR experiments indicated that L99A T4L undergoes a dynamic process involving residues that are proximal to the cavity. The relaxation data were well fitted to a model in which a highly populated ground state (97%, 25 uC) interconverts with a second state that because of its low population (3%) and short lifetime (,1 ms) is 'invisible' in NMR spectra 5 . Using recently developed CPMG dispersion experiments Tables 1-5 ). Such chemical shifts are powerful constraints in structure calculations; when combined with computational protocols 7, 12 they can be used to calculate accurate folds of small proteins, even in the absence of additional information, such as internuclear distances 13, 14 . A comparison of the chemical shifts of the ground and excited states shows that conformational rearrangements occur in the vicinity of the cavity involving the C-terminal region of helix E and helices F, G, H and I (Fig. 1a, b) . These regions do not become disordered in the excited state, as calculated squared order parameters reporting on the amplitudes of backbone motion from chemical shifts 15 , S 2 RCI , change little between states (Fig. 1c) . However, a decrease in helix propensity is noted for the C-terminal region of helix E, with a very significant concomitant increase in the helix content for the loop connecting helices F and G (Fig. 1d) . C9 chemical shifts of the excited state were used to guide Rosetta 'loop' building and refinement 16 to generate structural models of the excited state (described in Supplementary  Information, Supplementary Fig. 2 ). Only regions with significant chemical shift changes (residues 100-120, 132-146; Fig. 1a ) were allowed to deviate from the X-ray structure of the L99A cavity mutant. The CS-Rosetta-based excited state conformers so produced are well converged, with pair-wise backbone root-mean-squared deviations (r.m.s.d.) for ten representative, low energy structures of 0.7 6 0.2 Å over the region that was allowed to vary in the calculations (Supplementary Table 6 ). As a control, an identical protocol was used to generate the structure of the ground state in the vicinity of the cavity mutant, based on the same number of chemical shifts as for the excited state conformer. The lowest energy structures so obtained are in excellent agreement with the L99A crystal structure (r.m.s.d. of 0.6 6 0.2 Å , Supplementary Table 6 ). Figure 2 shows an overlay of ten low energy representative excited state structures (Fig. 2a) , along with the X-ray structure of the ground state (Fig. 2b) for comparison. As predicted on the basis of the input chemical shift data (Fig. 1a) , there are clear structural differences between ground and excited states. These occur in a region immediately surrounding the cavity, involving rearrangement of the pair of short helices F and G that are orthogonal in the wild-type structure and that form a single, continuous and nearly straight helix in the excited state. This conformational rearrangement also includes a significant change in the backbone dihedral angle (Y) of Phe 114 to a helical value in the excited state (149u to 236u) and a reorientation of its side chain caused by a change in the torsion angle (x 1 ) from a gauche2 to a trans conformation (see below). The change in x 1 projects the Phe 114 benzyl moiety into the cavity of L99A T4L, significantly decreasing its volume (Fig. 2c) .
To cross-validate the excited state structures, we used Rosetta structure based design calculations to identify substitutions predicted to stabilize the excited state relative to the ground state (Supplementary Table 7 ). One such substitution is G113A, which replaces one of the most helix destabilizing residues (Gly) with the most favourable (Ala) 17 in a region of the structure that is predicted to become more helical in the excited state. C spectra of L99A,G113A T4L (recorded at low temperature (1 uC) to slow down the exchange and hence improve spectral quality) show two sets of cross-peaks that can be connected by magnetization exchange 18, 19 ( Fig. 3a , Supplementary  Fig. 3 ). The first set corresponds to those observed for the L99A ground state, with a second set occurring at the positions predicted for the excited state on the basis of the chemical shifts obtained from CPMG relaxation dispersion experiments recorded on L99A T4L (Fig. 3b) . Intensities of peaks from magnetization exchange experiments can be fitted to extract the population of the excited state, p E , and an exchange rate, k ex 5 k GE 1 k EG (k ij is the exchange rate from state i to j); values of p E 5 34 6 2% and k ex 5 48 6 1 s Table 8) . Thus, the G113A mutation shifts the G K I E equilibrium, as expected from the excited state structure, from p E , 0.5% to 34% at 1 uC.
In a previous set of studies based on analysis of 15 N and methyl 13 C CPMG relaxation dispersion profiles, we speculated that the excited state of L99A T4L is an open conformation where ligands can access the cavity 5 . The solution structure of the low populated L99A T4L conformer, however, predicts that hydrophobic ligands would not bind the excited state because the cavity is occupied by the side chain of Phe 114 (Fig. 2c) . As a second cross-validation of the structure, we measured the binding of benzene to the ground and excited conformers independently using a sample of L99A,G113A T4L, where separate peaks can be observed for each state (Fig. 3a) . A previous study has established that benzene binds to L99A T4L with a millimolar K D and a dissociation rate of close to 1,000 s 21 at 20 uC (ref. 20) . Lowering the temperature to 1 uC decreases both the rate of benzene binding and the rate of exchange between ground and excited states; these rates are reduced to the point where separate peaks are observed for the methyl group of Met 102 in 1 H- 13 C HSQC spectra of the ground, excited and benzene-bound states of L99A, G113A T4L to which one molar equivalent of benzene was added (Fig. 3c) . Rates of exchange between the three states can be quantified by analysis of magnetization exchange experiments 18, 19, 21 . From fits of the time-dependencies of the auto-peaks (labelled 'G', 'E', 'B' in Fig. 3c , diagonal panels of Fig. 3d ) and cross-peaks (cross panels) to a model of three-site exchange ( C9) and N is the number of nuclei #5 that are included in the average. Significant Dv RMS differences are localized to a pair of regions (100-120, 132-146) that are highlighted in grey. The secondary structure of the ground state of L99A T4L is illustrated. b, Values of Dv RMS colour-coded onto the X-ray structure of L99A T4L (PDB: 3DMV Supplementary Fig. 5 ), and F-test analyses establish that there is no difference in the quality of the fits when these rates are set to zero, indicating that binding to the excited state does not occur. By contrast, k GB 5 11.6 6 0.3 s 21 and k BG 5 17.4 6 0.4 s
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, so that ligand binding proceeds via the ground state. The mechanism by which this occurs is not at present known, but it must involve excursions of the ground state to additional conformations, presumably on a timescale faster than those that are accessible to the dispersion experiments described here.
Whereas the G113A mutation shifts the fractional population of the excited state from approximately 3% to 34%, we were interested in perturbing the equilibrium still further. The R119P substitution is predicted by Rosetta to further favour the excited state because the X-ray structure of the L99A ground state 9 is incompatible with a Pro at position 119 due to steric clashes involving an H d proton and the C9 of Thr 115. Consistent with this prediction, the 1 H- 15 N HSQC spectrum of G113A,R119P,L99A T4L contains a single set of peaks (Supplementary Fig. 6 ) at resonance positions identical to those of the invisible, excited state of L99A that were determined by relaxation dispersion measurements ( Supplementary Fig. 7 ). Further relaxation dispersion experiments recorded on the triple mutant established that the dominant conformer in solution, corresponding to the ligand inaccessible state (Supplementary Table 6 ), interconverts with a minor state conformer whose structure is that of the L99A ground state (Supplementary Fig. 8 ) (population of 3.8 6 0.1%, k ex 5 806 6 28 s 21 , 1 uC). Thus, the pair of mutations G113A,R119P inverts the populations of ground and excited states relative to L99A T4L.
This population inversion, rendering the ligand-inaccessible state the major conformer, allows an additional test of the structure of the invisible L99A T4L excited state. Quantitative J-based scalar coupling experiments 22 recorded on L99A,G113A,R119P T4L confirm that the x 1 rotamer state for Phe 114 is trans, as observed in the CS-Rosetta based structure of the excited state ( Supplementary Fig. 9 , Supplementary Table 9 , see above). By contrast, similar experiments recorded on the ground state of L99A T4L are consistent only with a gauche2 conformation, as expected from the X-ray structure 9 . The trans x 1 rotameric state for Phe 114 is a novel feature of the L99A T4L excited state and L99A,G113A,R119P T4L. In a G113A variant T4L, as examined here but where Leu is retained at position 99, a gauche2 conformation is observed 23 for Phe 114; a trans x 1 angle would lead to steric clashes with Leu 99 (Supplementary Fig. 10 ).
The L99A mutation in T4L creates an energy landscape in which a low-lying excited state is transiently populated. We have shown that this invisible, excited state has different functional properties from the 
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ground state-it does not bind hydrophobic ligands. This divergence in function can be controlled through mutation, with the G113A single mutation and the G113A,R119P double mutation changing the ratio of binding-competent to binding-incompetent states from 97% to 66% (G113A) and to less than 5% (G113A,R119P) (Fig. 4) . The picture of evolving protein function suggested by our studies of L99A T4L is consistent with an emerging view of protein plasticity 24, 25 , with each molecule sampling a range of structures. Each unique conformer can, in turn, potentially carry out a different function 24, 26, 27 . A small number of mutations can then shift the relative populations of the conformers, thereby changing the activity of the protein, as has been observed in directed evolution experiments involving the introduction of mutations into flexible loop regions of enzymes 24 . Insight into the relation between protein dynamics, structure and evolvability is greatly facilitated through the powerful combination of relaxation dispersion NMR and Rosetta enabling individual protein states that populate the energy landscape to be investigated, even in cases where these conformers are invisible to other biophysical techniques. As applications of this methodology continue to grow, so too will our understanding of how protein dynamics control function, increasing the scope for the rational design of proteins with specific properties.
METHODS SUMMARY
Protein expression and purification. All NMR samples were prepared following previously published protocols, as described in detail in Methods. NMR experiments and structure calculations. NMR experiments were recorded and analysed as described in Methods. Structure calculations of the L99A T4L excited state were based on experimental backbone 
METHODS
Protein expression and purification. The gene for expression of L99A T4L was optimized for protein production (Genscript) and placed in a pET-29b plasmid. Additional plasmids for the expression of the mutants used in this study (L99A,G113A T4L; L99A,G113A,R119P T4L) were constructed from the L99A T4L plasmid. T4L proteins were expressed in Escherichia coli BL21(DE3) cells grown in M9 minimal media with glucose (3-4 g l
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, typically) and ammonium chloride (NH 4 CH 3 -Met added to the media 30 min before induction of protein overexpression). E. coli BL21(DE3) cells transformed with the appropriate plasmid were grown in one or two litres of media at 37 uC until an OD 600 of ,1. The temperature was then reduced to 16 uC and protein expression was induced with 1 mM IPTG for 14-18 h. The cells were harvested by centrifugation and frozen. The protein was purified from the cells as described 32 . Samples. NMR samples (,1.5 mM in protein) were prepared in a buffer consisting of 50 mM sodium phosphate, 25 mM NaCl, 2 mM EDTA, 2 mM NaN 3 , pH 5.5 in either 10% or 100% D 2 O. The experiments were performed on Varian Inova spectrometers operating at frequencies ( 1 H) of 500, 600 and 800 MHz, at a temperature of 25 uC, unless stated otherwise. Assignments. Complete assignments for L99A T4L have been reported previously 5 . The major (ground) state peaks in the L99A,G113A T4L mutant were assigned by comparison with assigned spectra of L99A T4L. Minor (excited-) state b assignments for the L99A,G113A,R119P T4L mutant were obtained using standard triple resonance experiments 33 recorded at 34 uC either at 500 or 800 MHz. Assignments were very close to complete. The elevated temperature (34 uC) and lower field (500 MHz) were used to minimize signal loss due to chemical exchange. CPMG experiments. . Here n CPMG 5 1/(4t CPMG ), where 2t CPMG is the spacing between the refocusing p pulses applied during the CT delay of length T Relax . Details of the experiments 6, 35, 36 used to characterize the excited state of L99A T4L are summarized in Supplementary Table 1 . Sign experiments. Single-quantum CPMG relaxation dispersion experiments provide only the magnitude of the change in chemical shift D$ GE j j $ E {$ G j j between the two exchanging states. Signs were obtained by comparing the positions of the ground state peaks in HSQC spectra recorded at different static magnetic fields and/or between peak positions in HSQC/HMQC spectra recorded at the same field 37, 38 . Once the signs of amide nitrogen Dv values were obtained, the corresponding signs of the amide protons were generated from zero-quantum (ZQ) and double-quantum (DQ) CPMG experiments 39 . Experiments used to obtain this information are listed in Supplementary Table 2 . Quantitative J-modulated experiments. x 1 angles of aromatic residues in both L99A T4L (ground state) and L99A,G113A,R119P T4L (ground state that is a mimic of the L99A T4L excited state structure, see Supplementary Fig. 7 and text) were determined by measurement of three-bond J C'Cc and J NCc scalar couplings using quantitative J-based experiments 22, 40 recorded with dephasing delays of 100 ms (J C'Cc ) and 120 ms (J NCc ), respectively. All experiments were obtained at 35 uC on a 600 MHz spectrometer, using uniformly 15 N, 13 C enriched samples. Difference spectra for both experiments and both proteins are shown in Supplementary Fig. 9 . Measured scalar coupling values are summarized in Supplementary Table 9 along with the x 1 angles for the aromatic residues of the ground and excited state structures. Magnetization-exchange experiments.
15
N magnetization exchange experiments, recorded at 1 uC, 800 MHz, were used for assignment of excited state correlations of L99A,G113A T4L, as described above. A pair of experiments were recorded in which the exchange mixing period, T MIX (50 ms), was placed (1) before and (2) after indirect detection of 15 N magnetization. Subtraction of the two data sets so obtained generates a two-dimensional spectrum where correlations from ground and excited states (positive) are connected by cross-peaks (negative), forming a 'rectangular' structure 30 ( Fig. 3a) . Quantitative methyl 13 C magnetization exchange experiments to quantify exchange, G K I kGE kEG E (see below or text), in L99A,G113A T4L were performed at 600 MHz, 1 uC, using a sample in which only Met-C e was 13 C enriched. A second similarly labelled sample to which a small amount of benzene was added (approximately 1:1 molar equivalents of benzene and protein) was used to study exchange between the ground, excited and benzene-bound states of L99A,G113A T4L. Experiments were recorded with T MIX values ranging between 0 and 85 ms (100 ms in the presence of benzene) with errors estimated based on repeat measurements. Data processing. The NMRpipe software package 41 was used to processes all of the NMR data. Subsequent visualization and peak picking was achieved using the program Sparky 42 . The intensities of peaks (I) were obtained using the program FuDA (http://pound.med.utoronto.ca/software.html), while the CcpNmr set of programs 43 was used to analyse some of the triple resonance assignment experiments. Analysis of CPMG data. Relaxation dispersion (RD) profiles, R 2,eff (n CPMG ), were generated from peak intensities, I(n CPMG ), measured in a series of 2D correlation maps recorded at various CPMG frequencies, n CPMG . The effective relaxation rates, R 2,eff (n CPMG ), were computed via the relation:
where I o is the peak intensity extracted from a reference spectrum recorded without the CPMG block. RD profiles were analysed assuming a two-site exchanging system, G K I E, where the major state, G, interconverts with the minor state, E, as described previously in the context of the L99A system 5, 44 . The model parameters defining the chemical exchange process, that is the exchange rate, k ex , the population of the minor state, p E , and the absolute difference in chemical shifts between the two states, Dv GE j j~v E {v G j j , were determined by minimizing the target function: 45 using the program CATIA (http://pound.med.utoronto.ca/software.html), f represents the set of adjustable model parameters and the sum is over all the experimental data points. Analysis of quantitative magnetization exchange data. As described above and in the text, methyl 13 C magnetization exchange experiments were recorded on L99A,G113A T4L (1 uC) without and with added benzene using a pulse scheme described previously 21, 46 . Data from Met 102 were analysed because separate, wellresolved correlations are obtained for the ground, excited and benzene-bound states that could be accurately quantified. At the low temperature used (1 uC), the interconversion between ground and excited states as well as benzene binding are in the slow exchange regime, a requirement for the magnetization exchange experiment. The intensity I of auto-(cross-) peaks corresponding to magnetization that is not (is) transferred between states during a mixing time, T MIX , has been analysed by numerically solving the Bloch-McConnell equations for the evolution of magnetization in the presence of chemical exchange 45 . The time dependence of magnetization during the entire pulse sequence was simulated (details are available from the authors on request). The resonance frequencies of the peaks and their transverse relaxation rates were obtained from the positions and linewidths of the peaks in spectra, respectively. The fitted parameters include the total magnetization, longitudinal relaxation rates (R 1 ) for each state, the fractional populations of each state, p i (subject to the constraint that X i p i~1 ), and the rates of exchange between states i and j, k exij 5 k ij 1 k ji . The fitting parameters were optimized using a simplex procedure to minimize the function:
Here the summation is over all the experimental data points, I Exp is the experimental intensity, I
Calc is the calculated intensity and s Exp is the error in the intensity. In the case of two-state exchange (no benzene), 48 data points from four peaks associated with Met 102 (two auto-and two cross-peaks 3 12 T MIX values) were fitted using five fitting parameters. For the three-state exchange (approximately 1:1 molar equivalent protein:benzene), 117 data points from nine Met 102 peaks (three auto-and six cross-peaks 3 13 T MIX ; Fig. 3d ) were fitted using nine fitting parameters. The minimum error in the intensities was assumed to be 3%. Errors in the fitted parameters were estimated using a Monte Carlo LETTER RESEARCH
